Network Motifs and Modules



Network Motifs and Modules

What is a motif?

A motif Is a statistically overepresentedsubgraphn a
network.

A pattern of connections that generates a characteristic
dynamical response. A motif is a connection pattern
template which could in principle be implemented.



Network Motifs and Modules

What is a module?

A module Is an exchangeable functional unit. Its chief
characteristic Is that when placed in a different context,
Its intrinsic functional properties do not change.

All modules are motifs but not all motifs are modules.
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Network Motifs
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Network Motifs

NegativeAutoregulation PositiveAutoregulation
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1. Noise Suppression : .
2. Accelerated Response 1. Bistability
3. High Fidelity Amplifier
4. Feedback Oscillation

2. Memory Unit

QN0

Relaxation Oscillator




Network Motifs

Double Positive Feedback Double Negative Feedback
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Memory unit where both Memory unit: when one unit
units areeither on or off Is off theother unit is on



Network Motifs

CoherentFeedforward InCoherentFeedforward
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1. Noise rejection 1. Pulsegenerator
2. Pulse shifter 2. Concentratiordetector
3. Response timaccelerator




Network Motifs

Regulated Double
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Network Motifs

Multi-Output FFL SIM¢ Single Input Module
R o)
/ O O O
O O
1. Pulse Train Generator 1. Master/Salve Regulator

2. Temporal SequenceyLast in last out, 2. Temporal SequencerLast in first out,
ie the last gene activated is the last gene ie. The last gene activated is the first
deactivated. gene deactivated
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Feedforward Networks

1. Estimating the frequency of each isomorphic
subgraphin the target network.

2. Generating a suitable random graph to
test the significance of the frequency data.

Metd

3. Compare the target network with the

random graph.
Occurrences of the feefbrward loop

motifs as generated by the software
MAVisto[1]. The displayed network is part

of yeast data supplied with thielAVisto
software. The software is very straight

forward to use and will identify a wide
variety of motifs. Other similar tools include
FANMOD and the original tosiFinder .

Gts1

F. Schreiber and $chwobbermeyeMAVista a tool for
the exploration of network motifs. Bioinformatics,
21(17):35723574, 2005.
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Feedforward Circuits

Coherent FFL
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The sign of an
interaction

can be determined
either from basic
biochemistry studies
or by looking at
microarray
expression profiles.
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Feedforward Circuits

Structure and function of the feed-forward loop
network motif

S. Mangan and U. Alon*
Departments of Molecular Cell Biology and Physics of Complex Systems, Weizmann Institute of Science, Rehovot 76100, Israel

Edited by Arnold ). Levine, Institute for Advanced Study, Princeton, NJ, and approved August 25, 2003 (received for review June 22, 2003)

Engineered systems are often built of recurring circuit modules
that carry out key functions. Transcription networks that regulate
the responses of living cells were recently found to obey similar
principles: they contain several biochemical wiring patterns,
termed network motifs, which recur throughout the network. One
of these motifsis the feed-forward loop (FFL). The FFL, athree-gene
pattern, is composed of two input transcription factors, one of
which regulates the other, both jointly regulating a target gene.
The FFL has eight possible structural types, because each of the
three interactions in the FFL can be activating or repressing. Here,
we theoretically analyze the functions of these eight structural
types. We find that four of the FFL types, termed incoherent FFLs,
act as sign-sensitive accelerators: they speed up the response time
of the target gene expression following stimulus steps in one
direction (e.g., off to on) but not in the other direction (on to off).
The other four types, coherent FFLs, act as sign-sensitive delays. We
find that some FFL types appear in transcription network databases
much more frequently than others. In some cases, the rare FFL
types have reduced functionality (responding to only one of their
two input stimuli), which may partially explain why they are
selected against. Additional features, such as pulse generation and
cooperativity, are discussed. This study defines the function of one
of the most significant recurring circuit elements in transcription
networks.
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Relative abundance of different FFL types in Yeast and E. coli. Data taken from
Manganet al. 2003.
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Feedforward Circuits
Dynamic Properties

Coherent FFL
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First Translate Noegtoichiometric
Network into aStoichiometridNetwork
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First Translate Noegtoichiometric
Network into aStoichiometridNetwork
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Feedforward Circuits
Dynamic Properties
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Feedforward Circuits
Coherent Type | Genetic Network

Noise Rejection 1_
Circuit | /NO Delay

PL | \ P1
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Feedforward Circuits

T Coherent Type | Genetic Network

p= defn cell

$G2 - > P2; Vmax2*P174/(Km1l + P174);

P2 -> $w; k1*P2;

$G3 - > P3; Vmax3*P1M4*P27M4/(Km1 + P1M*P274);

P3 -> $w; k1*P3;

end;

p.Vmax2 = 1,
p.Vmax3 = 1,

p.Km1 = 0.5;
p.k1=0.1;

p.P1=0;
p.P2 =0;
p.P3 =0;

p.ss.eval ;
printin p.SV;

v

/I Pulse width

/I Set to 1 for no effect
/I Set to 4 for full effect
h=1;

p.P1=0.3;

ml = p.sim.eval (0, 10, 100, [<
p.P1=0.7; // Input stimulus

m2 = p.sim.eval (10, 10 + h, 100, [<
p.P1=0.3;

m3 = p.sim.eval (10 + h, 40, 100, [<

m = augr (ml, m2),
m = augr (m, m3);
graph (m);

P1— E»th

\ P3—

p.Time >, <p.P1>, <p.P3>]);
p.Time >, <p.P1>, <p.P3>]);

p.Time >, <p.P1>, <p.P3>]);
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ég Feedforward Circuits
| Coherent Type | Genetic Network

Question: What behavior would T

you expect if the feedorward P1 1 — I > P2

network is governed by an OR
gate?
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P1

ég Feedforward Circuits
| Coherent Type | Genetic Network

Question: What behavior would T

you expect if the feedorward P1 1 — I > P2

network is governed by an OR
gate?

1. No delay on activation.
2. Delay on deactivation.

.é.l.i’ i
3. Pulse Stretcher and Shifter

OR GATE
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ég Feedforward Circuits
| Coherent Type | Genetic Network

OR GATE
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Feedforward Circuits
Coherent Type | Genetic Network

p= defn cell

$G2 - > P2; Vmax2*P1™4/(Km1 + P174);
P2 -> $w; k1*P2;

$G3 - > P3; Vmax3*(P1"4 + P2"4)/(Km1 + P174 + P274);
P3 -> $w; k1*P3;

end; -
— 1. /[ Pulse width
Sxm:g _ (1)'1. /I Set to 1 for no effect
' o Il Set to 4 for full effect
p.Km1 = 0.5: h =90;
p-k1=0.1; p.P1=03;
p.P1=0: ml = p.sim.eval (0, 50, 1000, [<
p.P2 _o p.P1 =0.8; // Input stimulus
p.P3 _o m2 = p.sim.eval (50, 50 + h, 1000, [<
' ’ p.P1=0.3;
p.ss.eval m3 = p.sim.eval (50 + h, 200, 1000, [<
println p.sv; m= augr (ml, m2):
m = augr (m, m3);
graph (m);

p.Time >, <p.P1>, <p.P3>]);
p.Time >, <p.P1>, <p.P3>]);

p.Time >, <p.P1>, <p.P3>]);



Feedforward Circuits
Incoherent Type Genetic Network
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Incoherent Type | Genetic Network
Pulse Generator

Concentration

P3
- Output Pulse

N\ M

Input Step

10 20 30 40 50

Time

P3 comes down even though P1 is still high!
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Incoherent Type | Genetic Network

Pulse Generator :
P1— ?P|2

0.07 ~

P1,P3 " (\ J P3—»
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0.03 -

Pulses are not

002 1 A Pl symmetric because
001 the rise and fall
O times are not the
P1 0 50 100 150 200 250 300 350 400 Same.
1 Time
)
_I_ P3 comes down even though P1 is still high !
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Incoherent Type | Genetic Network
Digital Pulse Generator
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Incoherent Type | Genetic Network
Pulse Generator

One potential problem,

if the base line for P3 is 007 -
not at zero, the off 006

transition will result in . f\

an inverted pulse. \/—
0.04 -

Avoid this by arranging
the base line of P3 to 003
be at zero. 0.02 -

0.01

0] 50 100 150 200 250 300 350 400

P4 TIME T

D Inverted Pulse
2
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p= defn cell

Incoherent Type | Genetic Network

Pulse Generator

$G1 -> P2; t1*al*P1/(1 + A1*P1);
P2 -> 3$w; gamma_1*P2;

$G3 - > P3; t2*b1*P1/(1 + b1*P1 + b2*P2 + b3*P1*P2"8);

P3 - > $w; gamma_2*P3;

end;

p.P2 =0;
p.P3 =0;
p.P1=0.01;
p.G3 =0;
p.G1 =0;

p.tl =5;

p.al =0.1,

p.t2 =1;

p.bl =1,

p.b2 =0.1,;

p.b3 = 10;
p.gamma_1=0.1;
p.gamma_2 = 0.1,

]

p.P1=0.0;

m = augr
graph (m);

ml = p.sim.eval
p.P1 = 0.4; // Input stimulus
m2 = p.sim.eval

(m1, m2);

/I Time course response for a step pulse

(0, 10, 100, [<

(10, 50, 200, [<

p.Time >, <p.P1>, <p.P3/1>));

p.Time >, <p.P1>, <p.P3/1>]);



Incoherent Type | genetic Network
Steady State Concentration Detector

1.2
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v
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o
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o
O I | I |
|1 0 0.2 0.4 0.6 0.8 1
Concentration of Input Signal
P1
1 Circuit is off at low concentration, off at high concentrations
P2 but comes on intermediate concentrations. Width of the peak
-I_ can be controlled by the cooperativity transcription binding.
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Incoherent Type | genetic Network
Concentration Detector

Take the pulse generator model and use this
code to control it:

/[ Steady state response
n = 200;
m = matrix (n, 2);
fori=1tondo
begin
mli,1] = p.P1,;
m[i,2] = p.P3;
p.ss.eval
p.P1=p.P1 + 0.005;
end;

graph (m);



Incoherent Type | genetic Network
Response Accelerator

Making this stronger P
makes the initial rise 1
go faster. —

P2
Then, bring the _I_

overshoot down to
the desired steady
state with the
repression feed
forward.

0 f I.TI.S\ 1 L5 2 2.5 3 3.5 4
Ty sa T,y Time, at

i1-FFI simple regulation )
An Introduction to Systems

Biology: Design Principles of
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Summary

Cl |1
P1 P1
: !
1
| PS
1. Persistence detectoDoes not 1. Pulse generator

respond to transient signals.
2. Concentration detector.

AND: Delay on start, no delay on
deactivate. 3. Response time accelerator

2. Pulse stretcher and shifter.

OR: No delay on start, delay on

deactivate.
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Other Motifs

1. Singleinput Module (SIM)

2. Auto-regulation CL)

mn




Sequence Contra Temporal Programs

Singleinput Module (SIM)

Gene E, Gene E, Gene E,

L4 v ¥
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1.2

1 //’—7k The sim '
08 plest approach is to have
06 El// / different thresholds can be achieved
04 E by assigning a different K annax
. / E3 to each expression rate law, easily
; // o generated through evolutionary
o es 1l 2253 e selection. An Introduction to Systems
Input: X Biology: Design Principles of
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